Introduction development of CNS cortical structures. The cerebellum offers several advantages for this analysis. Within the The neurotrophins, a family of structurally and functioncerebellar cortex, there are a small number of clearly ally related peptide growth factors that includes nerve distinguishable neuronal cell types with well-defined growth factor (NGF), brain-derived neurotrophic factor connections (Altman, 1972; Hatten and Heintz, 1995) . (BDNF), neurotrophin-3 (NT3), and neurotrophin-4/5
The cerebellar granule cells, located in the innermost (NT4/5), are widely expressed in the developing central layer of the cerebellum, form synapses on Purkinje cells, and peripheral nervous systems (Levi-Montalcini, 1987;  which are located in a single row in the middle layer of Barde, 1989; Snider and Johnson, 1989; Raffioni et al., the cerebellum. The outermost layer, the molecular 1993). In vitro, neurotrophins regulate survival of responlayer, consists predominantly of granule cell axons synsive central and peripheral neurons. A variety of other apsing on Purkinje cell dendrites. BDNF is highly exdevelopmental processes, including neurite outgrowth, pressed in the cerebellum: granule cells express BDNF neurotransmitter synthesis, and synaptic transmission (Wetmore et al., 1990; Rocamora et al., 1993) , and both are also regulated by neurotrophins in vitro (Davies, granule and Purkinje cells express the BDNF receptor 1994; Bothwell, 1995) . Neurotrophins elicit these diverse TrkB (Klein et al., 1990; Alvarez-Dolado et al., 1994 ; Gao effects by binding and activating their specific receptors et al., 1995; Segal et al., 1995) . BDNF protein is present (Trks), and thereby initiating local and long-range signal in the adult cerebellum, particularly in the Purkinje cells transduction pathways (Segal and Greenberg, 1996) . To (Kawamoto et al., 1996) . Tissue culture studies indicate investigate the roles of neurotrophins in vivo, mice with that exogenous BDNF acts directly on granule cells to targeted deletions of genes encoding individual neuropromote survival and axonal elongation (Lindholm et al., trophins or their receptors have been generated. Studies 1993; Gao et al., 1995; Segal et al., 1995) , and exogenous on these mice demonstrate that the absence of individneurotrophins promote dendritic arborization of Purkinje ual neurotrophins results in extensive death of PNS neucells (Cohen-Cory et al., 1991; Larkfors et al., 1996) . rons during critical periods in development. This pheno-
In this study, we demonstrate that normal development of cerebellar granule and Purkinje cells in vivo type accords well with the hypothesis that neurotrophins requires BDNF. In mice with targeted gene deletions of consequences of their vestibular abnormalities, the wide-based stance indicates cerebellar dysfunction BDNF (Enrfors et al., 1994) , Trk receptors in cerebellar granule and Purkinje cells are not activated. On a cellular (Altman and Bayer, 1997) , suggesting that both cerebellar and vestibular dysfunction contribute to behavioral level, there is increased death of cerebellar granule cells, and Purkinje cells lack a primary dendrite, causing stuntabnormalities of BDNF Ϫ/Ϫ mice. ing of the dendritic arbor. Together, these cellular abnormalities result in defects in the cerebellar foliation Trk Activation Is Reduced in Cerebellar pattern in BDNF Ϫ/Ϫ mice. These data indicate that neuroNeurons of BDNF Ϫ/Ϫ Mice trophins have critical functions in CNS development in-
The nature of the ataxia suggests that cerebellar funccluding a role in neural pattern formation.
tion is impaired in BDNF Ϫ/Ϫ mice and prompted us to analyze the cerebellar phenotype of these mice. During Results cerebellar development, the two predominant cell types, granule and Purkinje cells, both express the BDNF re-BDNF Protein Is Expressed in the ceptor TrkB (Klein et al., 1990; Rocamora et al., 1993 ; Developing Cerebellum Alvarez-Dolado et al., 1994; Gao et al., 1995; Segal et al., To detect and localize BDNF protein in the developing 1995; Neveu and Arenas, 1996) . To determine whether cerebellum, we carried out immunohistochemical studthese cerebellar cells are directly regulated by BDNF, ies. BDNF protein is detected in the cell bodies and we have utilized antibody pY490, which specifically recdendrites of Purkinje cells in wild-type P8 animals, and ognizes Trk receptors phosphorylated at the Shc bindin the white matter fiber tracts (Figures 1A and 1B) . Low ing site (Segal et al., 1996) . Since phosphorylation at levels of BDNF immunoreactivity can be seen in the this site initiates the activation of both the Ras-MAP granule cells of the internal granule cell layer (IGL) (Fig- kinase pathway and PI3 kinase in response to BDNF ure 1B). This finding is consistent with the presence of (Stephens et al., 1994; Wang et al., 1995) , this antibody BDNF mRNA in mature granule cells (Wetmore et al., detects a step of BDNF signal transduction that is critical 1990; Rocamora et al., 1993) . The specificity of the antifor survival and neurite outgrowth. Staining with pY490 body is confirmed by absence of staining in P8 BDNF Ϫ/Ϫ antibody reveals activated Trk receptors in Purkinje and animals ( Figure 1C ). These data demonstrate that BDNF granule cells of wild-type P8 animals. However, Trk actiis translated into protein in developing cerebellar cells, vation is dramatically decreased in the cerebella of muand is appropriately expressed to regulate aspects of tant animals ( Figure 2A ). During early postnatal life, grangranule and Purkinje cell development.
ule cell precursors proliferate in the subpial external granule cell layer (EGL), then migrate to the IGL. Granule cells of both the EGL and IGL stain with anti-pY490 in Ataxic Gait in BDNF Ϫ/Ϫ Mice Previous studies have found that BDNF Ϫ/Ϫ mice display wild-type mice and show decreased staining in mutant mice. In addition, there is diminished Trk activation an abnormal gait and uncoordinated movements, and this ataxia has been ascribed to vestibular dysfunction within both Purkinje cell bodies and dendrites in mutant animals when compared to wild-type littermates. The (Ernfors et al., 1994; Jones et al., 1994; Bianchi et al., 1996) . To determine whether the ataxia has a cerebellar differences in receptor activation shown in Figure 2A do not reflect the loss of cells expressing TrkB or a decrease component, we employed a paw print assay (Altman and Bayer, 1997) . BDNF Ϫ/Ϫ mice display a markedly in the level of TrkB expression, as parallel sections stained with an antibody to TrkB show similar levels wide-based stance. The distance between the left and right paws in mutant animals is 1.5 times that of wild and distribution of the receptor in mutant and wild-type cerebellum ( Figure 2B ). type, even though the mutant mice are smaller (data not shown). While the mutants clearly display functional It has been suggested that NT3 and NT4/5, which are both expressed in the developing cerebellum (Maisonduring cerebellar development, and that other neurotrophins do not compensate for the absence of BDNF pierre et al ., 1990) and can bind to the BDNF receptor TrkB (Berkemeier et al., 1991; Squinto et al., 1991) , could in mutant animals. compensate for a lack of BDNF in mutant mice (Snider, 1994 We next tested the possibility that dendritic stunting in al., 1987) that specifically recognizes Purkinje cells beginning early in development. In both wild-type and the mutant animals reflects a lack of synapse formation. During the early postnatal period (P3-P28), parallel fi-BDNF Ϫ/Ϫ mice, Purkinje cells are arranged in a laminar distribution, and each cell projects a single axon to the bers and climbing fibers form synapses on the growing Purkinje cell dendrites. As shown in Figure 4 , dendritic underlying white matter tracts. However, dendritic arborization of mutant Purkinje cells is clearly abnormal at spines, a postsynaptic specialization of Purkinje cells, can be visualized in mutant animals. Furthermore, syn-P8 ( Figure 3 ). Instead of a primary dendrite that subsequently branches in a symmetric fashion, multiple denaptophysin, a component of synaptic vesicles (Buckley, 1994) , is expressed in an appropriate distribution in the dritic processes emanate at random angles from the mutant Purkinje cell bodies. As a result, the overall denmolecular and granular cell layers of mutant mice. Thus, dendritic arborization of Purkinje cells is disturbed in dritic arbor is stunted in mutant mice, compared to contains an extensive mesh of granule cell axons and climbing fibers synapsing on Purkinje cell dendrites, and is heavily stained with antisynaptophysin antibody in ϩ/ϩ and Ϫ/Ϫ mice. Characteristic punctate staining of the glomeruli in the IGL that are the sites of mossy fiber-granule cell interactions (white arrow heads) are seen in both ϩ/ϩ and Ϫ/Ϫ mice. The EGL, which primarily contains proliferating granule cell precursors, and the white matter tracts (two-headed arrows) are not stained with anti-synaptophysin. Pia, pial surface; EGL, external granule cell layer; ML, molecular layer; PL, Purkinje cell layer; and IGL, internal granule cell layer. Scale bar ϭ 20 m.
the absence of BDNF, but both pre-and postsynaptic cerebella from BDNF Ϫ/Ϫ mice and wild-type littermates specializations develop without this neurotrophin.
were stained by the TUNEL method or with propidium iodide to visualize dying cells (Gavrieli et al., 1992; Wijsman et al., 1993) . At this developmental stage, the peak Increased Granule Cell Death in BDNF Ϫ/Ϫ Mice of granule cell programmed cell death (Wood et al., As BDNF is a survival factor for granule cells in vitro 1993; Krueger et al., 1995) , dying cells can be seen in (Segal et al., 1992; Lindholm et al., 1993) , and Trk activathe EGL and in the IGL of both wild-type and mutant tion is decreased in BDNF Ϫ/Ϫ granule cells in vivo (Figure animals (data not shown). To quantitate the levels of 2), we tested the possibility that granule cell survival is impaired in mutant animals. Parasagittal sections of P8 programmed cell death of wild-type and mutant animals, we used the TUNEL method to stain series of sagitmutant than in wild-type animals ( Figure 5 and Table 2 ). The EGL is even detectable at P21, the latest time point tal sections from the vermis of wild-type and mutant littermates, and ascertained the average number of analyzed (data not shown). Previous, nonquantitative studies on a distinct line of BDNF Ϫ/Ϫ mice have also TUNELϩ cells per section. We detect a 45% increase in the number of TUNELϩ cells per section in mutant noted that the EGL persists later in development (Jones et al., 1994) . While migrating from the EGL to the IGL, animals compared to wild type (P ϭ 0.0004; Table 1 (Tables 1 patterning involved in the formation of gyri and sulci. and 2, Figure 5 ).
In the cerebellum, the foliation pattern is genetically determined, and is remarkably consistent within a single Layer Formation Is Disrupted in BDNFϪ/Ϫ Mice strain (Larsell, 1952; Inouye and Oda, 1980 ; Allen et al., Purkinje and granule cells cooperate to form the charac1981a). BDNF Ϫ/Ϫ mice display marked and consistent teristic layers of the cerebellar cortex. Since these indiabnormalities in foliation compared with their wild-type vidual cell types are abnormal in BDNF Ϫ/Ϫ mice, we littermates ( Figure 6 ). The fissures are shallower in muinvestigated the process of layer formation in mutant tant neonates than in wild-type littermates. By P8, wildanimals. In wild-type mice, the EGL, the site of granule type animals develop a mature foliation pattern within cell precursor proliferation, is 7-10 cell layers thick at the vermis, with characteristic folia separated by well-P8, decreases to 1-2 cell layers thick at P14, and disapdefined fissures. In mutant animals, fissures in the antepears by P21 (Altman, 1972; Hatten and Heintz, 1995) .
rior portion of the cerebellum (folia I-V) are normal in In BDNF Ϫ/Ϫ mice, the layers are normal in size at P8, size, while defects in foliation are evident in the middle the stage at which there is increased cell death in the and posterior portions of the cerebellum. The declival mutant animals. By P14, the EGL is clearly thicker in sulcus, within folia VI, and the intercrural fissure, which normally separates folia VI and VII, are absent in BDNF Ϫ/Ϫ mice. Furthermore, the prepyramidal fissure, nutritionally impaired animals (data not shown). Thus, BDNF in vivo is required for normal cerebellar foliation, development of both granule cells and Purkinje cells is impaired. Since cerebellar granule cells and Purkinje and low levels of BDNF are insufficient to execute this function fully. cells develop symbiotically (Herrup and Sunter, 1987; Herrup et al., 1996) , mutations that alter the viability, morphology, or electrical activity of either cell have proDiscussion found effects on both cell types and on cerebellar morphology overall. Granule and Purkinje cells both express While neurotrophins are necessary for survival of responsive neurons during PNS development, the funcTrkB and respond to BDNF (Lindholm et al., 1993; Segal et al., 1995; Larkfors et al., 1996) , therefore, the phenotions of neurotrophins in CNS development have not been clear (Snider, 1994) . Here, we demonstrate that type described here could reflect a direct requirement for BDNF in granule or Purkinje cell development, or BDNF is required for normal development and functioning of the cerebellar cortex. In the absence of BDNF, both. Our data demonstrating that Trks are activated in 
Sagittal cerebellar sections of P3 ([A] and [B]), P8 ([C] and [D]), and P14 ([E] and [F]) BDNF ϩ/ϩ ([A], [C], and [E]) and BDNF Ϫ/Ϫ ([B], [D]
, and [F]) mice were stained with cresyl violet and photographed at low magnification. At P8 and P14, folium VII (arrow in [D] ) and the declival sulcus, intercrural fissure, prepyramidal fissure, and uvular sulcus (arrowheads in [F] ) are absent or small in the BDNF Ϫ/Ϫ mice. pct, precentral fissure; pcu, preculminate fissure; pri, primary fissure; dcl, declival sulcus; itc, intercrural fissure; ppy, prepyramidal fissure; scd, secondary fissure; uvu, uvular sulcus; and plt, posterolateral fissure.
both granule and Purkinje cells in wild-type animals and individual neurotrophic factor is required for the survival of afferent neurons. Our data indicate that in the CNS, that there is a deficiency of Trk activation in both cell types in mutant animals ( Figure 2 ) suggest that both cell BDNF also functions as a survival factor. There is a 2-to 3-fold increase in death of developing cerebellar types are direct targets for BDNF action during development.
granule neurons in BDNF Ϫ/Ϫ mice, apparently resulting in fewer mature granule cells and a smaller IGL. HowThe role of neurotrophins in the PNS accords well with the classic neurotrophic hypothesis (Purves, 1986) ; ever, numerous granule cells are still viable in the absence of BDNF. Previously, it has been suggested that neurotrophins are synthesized by target tissues, and an Vermal parasagittal cerebellar sections were stained with cresyl violet, and images were analyzed using NIH Image 1.55. Fissure depth is normalized to the square root of the section area. P values, as calculated by ANOVA, are given for differences compared to wild-type animals. *P Ͻ 0.05, **P Ͻ 0.01,***P Ͻ 0.001.
survival of TrkBϩ CNS neurons in the absence of BDNF dendritic spine formation, are present in the molecular layer of BDNF Ϫ/Ϫ mice. These data suggest that BDNF could reflect activation of TrkB by its other ligands, NT3 or NT4/5 (Snider, 1994 Klein, 1996) impairs cerebellar granule cell nuclei, and by cells of the inferior olive (Wetmore et al., 1990; Rocamora et al., 1993) . BDNF promotes granule survival, and so there is not complete redundancy among the Trks. However, hybrid mice with loss-ofcell survival in vitro (Segal et al., 1992; Lindholm et al., 1993) , and granule cell survival is impaired in vivo in the function alleles for both TrkB and TrkC exhibit more than additive granule cell death (Minichello and Klein, absence of BDNF (Table 1) . It is possible that impaired granule cell survival is an indirect effect of the BDNF 1996). Taken together, these data indicate that the survival of CNS neurons depends on synergistic, but not mutation. For instance, aberrant Purkinje cells that result from a lack of BDNF may be unable to sustain a normal redundant, trophic support from several neurotrophins and growth factors.
number of granule cells. However, a comparison of activated Trk antibody staining in wild-type and mutant aniThe cerebellar deficits in the BDNF Ϫ/Ϫ mice extend far beyond impaired neuronal survival, and indicate that mals suggests that BDNF activates Trk receptors located on granule cells, and thereby promotes survival. neurotrophins have other critical roles in CNS development. Notably, Purkinje cell dendritic arborization reSince BDNF is not synthesized by the granule cell targets, the Purkinje cells, but by the granule cell afferents quires BDNF. While wild-type Purkinje cells form a primary dendrite by P3-P10, primary dendrites are not seen and granule cells themselves (Rocamora et al., 1993) , we infer that granule cells synthesize BDNF, which prein the Purkinje cells of P8 and P14 mutant mice. Instead, the dendrites are multipolar and lack the graded sumably acts in an autocrine or paracrine fashion to promote granule cell survival. This may reflect a general branching pattern that constitutes the typical Purkinje cell tree. It has previously been shown that Purkinje ability of neurotrophins in the CNS to function as autocrine-paracrine, rather than as target-derived survival cell dendritic arborization relies on extracellular cues provided by glia, granule cells, and other neurons (Privat factors (Ghosh et al., 1994; Acheson et al., 1995) . Purkinje cells express TrkB, and Trk receptors on Purand Drian, 1976; Sotelo and Arsenio-Nunes, 1976; Baptista et al., 1994 ). The mutant phenotype described here kinje cell bodies and dendrites are activated during development (Figure 2) . Furthermore, BDNF protein (Figure identifies BDNF as one of the critical extracellular cues for Purkinje cell dendritic arborization in vivo. The 1 and Kawamoto et al., 1996) , but not BDNF mRNA (Wetmore et al., 1990; Rocamora et al., 1993) , is detected demonstration that endogenous BDNF is required for normal dendritic outgrowth of CNS neurons is consisin Purkinje cells. These findings are consistent with the hypothesis that Purkinje cells are directly regulated by tent with prior studies showing that exogenous BDNF enhances dendritic outgrowth of cerebral cortical neu-BDNF in vivo. The Purkinje cell target, neurons of the deep cerebellar nuclei, synthesize BDNF (Rocamora et rons (McAllister et al., 1995 (McAllister et al., , 1996 and NGF enhances dendritic outgrowth of sympathetic neurons (Snider, al., 1993) . It is thus possible that BDNF acts as a targetderived factor to regulate Purkinje cells. However, the 1988). Dendritic morphology often reflects synaptic contacts, and neurotrophins have been suggested to regupresence of BDNF and activated receptors in Purkinje cell dendrites suggests an alternative explanation: late synapse formation in the CNS (Causing et al., 1997; Snider and Lichtman, 1996) . However, both presynaptic BDNF released by parallel fibers of granule cells and/ or by climbing fibers of inferior olivary nucleus neurons specializations, assessed by the presence of synaptophysin, and postsynaptic specializations, evidenced by could act trans-synaptically in an anterograde fashion to organize Purkinje cell dendrite growth. Recent data and Bayer, 1997) each contribute to folding of the ceredemonstrating anterograde transport of neurotrophins bellar cortex. Based on the limited nature of the foliation by CNS neurons (von Bartheld et al., 1996; Conner et defect in BDNF Ϫ/Ϫ mice, which is restricted to the later al., 1997) provide some support for this possibility.
forming fissures, we hypothesize that BDNF is involved Given the observed abnormalities of Purkinje and in executing the signal for foliation, rather than in estabgranule cells in BDNF Ϫ/Ϫ mice, it is not surprising that lishing the compartments. Thus, BDNF is required for the layers formed by these neurons are abnormal as normal cerebellar foliation, perhaps due to its regulation well. Indeed, our data demonstrate that each layer is of granule cell survival or Purkinje cell dendritic arboriaffected: the EGL, the transient proliferative layer on the zation. pial surface, persists beyond its usual time; the IGL, the Our analysis of the cerebellar phenotype of BDNF Ϫ/Ϫ layer of mature granule cells, is sparser and thinner than mice underscores the distinct functions of neurotronormal; last, the molecular layer that consists of Purkinje phins in CNS development. We have shown that cerebelcell dendrites and granule cell axons is thinner than in lar Purkinje and granule cells require BDNF for normal wild-type animals, reflecting the stunted Purkinje cell development. Other neurotrophins cannot compensate arbors (Table 2) . A persistent EGL, together with an for an absence of BDNF, nor is there functional reduninitially thin IGL, has previously been described in irradidancy among the neurotrophin receptors during cereated wild-type mice, and has been ascribed to increased bellar development. Our data suggest that BDNF is not granule cell death together with compensatory granule required as a target-derived trophic factor for CNS neucell proliferation (Altman and Anderson, 1971) . Thus, rons, but may act as an anterograde and an autocrineabnormal granule cell layer formation in BDNF Ϫ/Ϫ mice paracrine factor to regulate survival and morphologic could be explained by increased death of developing differentiation of developing CNS neurons. These cellugranule cells together with compensatory proliferation lar defects result in impaired formation of horizontal ( Figure 5 , Table 1 ). This hypothesis is consistent with layers, and defects in the rostral-caudal foliation patthe finding that differences in layer formation between tern. Thus, neurotrophins have critical functions in CNS wild-type and mutant animals are not seen at P8, the development including a role in neural patterning. stage of increased granule cell death in the mutant animals, but become apparent 1 week later, at P14 Experimental Procedures (Table 2) .
There are several other steps at which BDNF might thyroidism (Lauder et al., 1974) there is genetically determined variation in foliation nition site of TrkB, and purified as described (Segal et al., 1996) .
within a species (Larsell, 1952; Inouye and Oda, 1980) .
The peptides used for competition experiments were generated as described (Segal et al., 1996) ( Millen et al., 1994; Urbanek et al., 1994 (Gavrieli et al., 1992 (1997) . Development of the cerebellar BDNF Ϫ/Ϫ littermate ϭ ratio of sibs) was analyzed using an unpaired system: in relation to its evolution structure and functions. (New Student's t-test with a hypothesized mean of 1.0. This analysis was York: CRC Press). repeated after correcting for the area of the cerebellar sections Alvarez-Dolado, M., Iglesias, T., Rodriguez-Pena, A., Bernal, J., and (mean number of TUNELϩ cells per section/mean area for those Munoz, A. (1994) . Expression of neurotrophins and the trk family of sections ϭ TUNELϩ cells/mm 2 ). The ratio of dying cells/mm 2 for neurotrophin receptors in normal and hypothyroid rat brain. Mol. BDNF Ϫ/Ϫ and BDNF ϩ/ϩ littermates was then analyzed using an unBrain Res. 27, 249-257. paired Student's t-test with a hypothesized mean of 1.0. Since we directly compare littermates, stained in parallel with the same soluBaptista, C., Hatten, M., Blazeski, R., and Mason, C. (1994) . Cell-cell tions, we eliminate variations due to age or staining sensitivity.
interactions influence survival and differentiation of purified purkinje cells in vitro. Neuron 12, 243-260. Barde, Y.A. (1989) . Trophic factors and neuronal survival. Neuron Quantitation of Fissure Depth Midsagittal sections from 8 BDNF Ϫ/Ϫ , 9 BDNF ϩ/ϩ , and 10 BDNF ϩ/Ϫ 2, 1525-1534. P8 mice were stained with cresyl violet. Fissure depth was measured Berkemeier, L.R., Winslow, J.W., Kaplan, D.R., Nikolics, K., Goeddel, by drawing a line from the apex to the abyss of the fissure and D.V., and Rosenthal, A. (1991) . Neurotrophin-5: A novel neurotrophic determining the length of that line using the NIH image program.
factor that activates trk and trkB. Neuron 7, 857-866. Fissure depth was analyzed with analysis of variance using the Bianchi, L.M., Conover, J.C., Fritzsch, B., DeChiara, T., Lindsay, Bonferroni correction for multiple post hoc pairwise comparisons R.M., and Yancopoulos, G.D. (1996) . Degeneration of vestibular neu-(Stat-View, Abacus Concepts Inc., Berkeley, CA).
rons in late embryogenesis of both heterozygous and homozygous BDNF null mutant mice. Development 122, 1965 Development 122, -1973 .
Quantitation of Layer Thickness
Bothwell , M. (1995) . Functional interactions of neurotrophins and Midsagittal sections from BDNF Ϫ/Ϫ and BDNF ϩ/ϩ littermates (four neurotrophin receptors. Annu. Rev. Neurosci. 18, 223-253. sets at P8 and three sets at P14) were stained with cresyl violet. Buckley, K.M. (1994) . Molecular analysis of a secretory organelle: Layer thickness was measured at the midpoint and apex of the third structure and function of synaptic vesicle-specific proteins. J. and ninth folia. A line was drawn from the apex to the abyss of the Membr. Biol. 139, 75-80. fissure, and the thickness of the EGL, molecular layer, and IGL were Causing, C.G., Gloster, A., Aloyz, R., Bamji, S.X., Chang, E., Fawcett, determined at the midpoint of the line, and at the apex of each J., Kuchel, G., and Miller, F.D. (1997) . Synaptic innervation density folium using the NIH image program. Layer thicknesses of wild-type is regulated by neuron-derived BDNF. Neuron 18, 257-267. and mutant animals at each developmental stage were compared by two sample Student's t-tests (Stat-View, Abacus Concepts Inc.).
Christakos, S., Rhoten, W., and Feldman, S.C. (1987) . Rat calbindin D28K: purification, quantitation, immunohistochemical localization Within each group of animals, layer thickness at the midpoint and apex of the third and ninth folia were pooled for this analysis.
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